We consider the equilibrium and stability of Marfes. We demonstrate that important aspects of the 2-dimensional problem can be illustrated by a 1-dimensional treatment. A stability analysis indicates that Marfe formation requires low temperature, high impurity content and low cross field transport. Additionally, Marfes tend to form on flux surfaces that contain an x-point. We observe that the transition to a Marfe-like solution can result from a fluctuation-induced jump from a neighboring constant temperature solution.
Marfe if they become linearly unstable. Additionally, temperature fluctuations can cause a stable constant temperature equilibrium to "jump" into the Marfe-like solution when these two equilibria approach each other.
We find that this model for the transition can explain a number of observed phenomena. Formation of a stable Marfe-like solution can occur when the temperature and the cross field transport are sufficiently low and the impurity content is sufficiently high. The model is consistent with the tendency of an x-point to facilitate Marfe formation.
II. Basic Equations
The theory of Marfes is based on the fluid equations [15] for density (n), temperature (T) and velocity vj 1 . Assuming Tj = Te = T we will examine the equilibria of the following equations:
nencL(T). (la)
ass a8x
with s and x the respective along-the-field and cross-field directions, r. 11 and t.± the parallel and perpendicular thermal conductivities respectively, and L(T) the radiation function. We imagine that the field line length from outside to inside of the torus is L (-qaR with qa the safety factor near the plasma edge) and impose the symmetry boundary condition
as as
If we consider cylindrical co-ordinates we can use r as the radial (flux) coordinate, 0 as the poloidal co-ordinate and 0 as the toroidal co-ordinate. In this approximation BO/BO = tan a with a the field line pitch angle and L ~ 7ra/sin a with . the flux tube ellipticity and -ran approximately half of the flux tube circumference at the Marfe location.
In the poloidal plane Eq. (1) becomes 
III.A. Equilibrium
Consider first radial equilibrium. If initially the equilibrium plasma is Marfe-free (OT/,9 ~ 0) there are two classes of radial equilibria: 1) The edge is sufficiently hot that low-Z impurities (C, 0, etc.) are fully stripped and do not radiate or b) low-Z impurity radiation dominates the edge power balance and prevents the edge temperature from rising above a level required to strip these impurities. 
where for simplicity it is assumed that Tb << Ta. We will first consider a single ordinary differential equation and afterwards consider two coupled ordinary differential equations.
Eq. (4) retains the important effect that if the plasma within the layer of interest (in which a Marfe can occur) heats up, the cross-field power source into the layer decreases and visa versa. Furthermore, in a clean plasma without significant radiation cooling, the equilibrium is initially described by the non-radiating edge solution which requires K±0 2 T/0x 2~ 0 and Eq. (4) permits this result (when T = T./2). We will therefore initially consider the following equation in our studies:
and neT = po =constant. To apply this method we define the pseudo-potential by
where nex± -= t.. To include a temperature dependence, K 11 oc T 5 / 2 we could perform a change of variables T = T/ 2 to eliminate the temperature dependence from the K 11 term. 
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If we consider s as the pseudo-time co-ordinate and T as the pseudo-spacial co-ordinate
Eq. (8) describes the motion of a ball of mass 1 on a potential hill described by O(T).
(The speed of the ball is OT/Os = T,). The ball will begin at some position Tinit with zero speed and come back to a stop at time=L at position Tjinai. The extrema of the pseudo-potential, 0, give rise to constant temperature (along-the-field-line) solutions. We will see that a result of the unusual boundary conditions is that the constant temperature equilibrium associated w*th the ball at a maxima is stable and equilibria at potential minima are unstable. Consider first the constant temperature solutions that occur at the extrema of the pseudo potential. Since $TT(T) is constant for these solutions it can be removed from the integral in Eq. (10). At the maxima OTT < 0 and therefore these solutions, (T = T 1 or T 3
in Fig. 1 ) are stable. Consider next a potential minimum point (T = T2 in Fig. 1 ). If we take as a trial function ST(s) = constant the stabilizing n,| term is eliminated and since OTT > 0 we obtain an instability. (Since Eq. (10) is a maximizing energy principle any trial function that leads to instability provides a sufficient condition for instability.) Therefore we find the somewhat counter intuitive result that constant temperature solutions at the maxima of the pseudo-potential are stable while those at the minima are unstable.
Consider next marfe-like equilibria. We again consider a trial function bT(s) = constant to eliminate the stabilizing KiI term. We then obtain a sufficient condition for instability 47TTds > 0 (11a) while a necessary condition for stability will be o ds < 0.
(11b)
Referring to the potential in Fig. 1 we observe, for example, that a Marfe-like solution that sits entirely in the region where OTT > 0 would be unstable. The spacial dependence of
$TT(T) however depends on the equilibrium solution for T(s). Furthermore, since -OTT
is the temperature derivative of the cross field and radiation function (RHS Eq. 5a) we see that stability requires that the field line average of the slope of the cross field and radiation function be positive.
From the pseudo-potential picture in which T corresponds to pseudo-position and S to pseudo-time, a ball started off near a potential maxima (OTT > 0) will spend a lot of time near the maxima. The edge temperature, Ta (T3 ~ Ta/2) must be sufficiently low for the ball to stop at time t=L. Thus a stable Marfe-like solution requires that the high temperature point be close to the maxima at T = T 3 so that a large region of the solution lies in the negative OTT region near T 3 .
A solution with T < T 3 also requires that the pseudo-potential maxima satisfy the condition q(T 1 
) > O(T 3 ). This imposes a necessary condition on the radiation term T ennCL(T)dT > J (KLT ).T.ds ~ ney (Ta -2T)dT. (12)
Thus a stable Marfe-like equilibria with T < T 3 can occur as the impurity content, nc is increased or as the edge temperature, Ta is reduced. The Marfe formation is also inhibited by an increase in xI.
Further insight into the stability of the equilibria can be gained if we notice that OTT has a maximum in the vicinity of T 2 . We can then obtain a second necessary condition for Finally we note that an "inverse marfe" equilibrium can be a stable solution in the low radiation limit (q(T 1 ) < #(T 3 )). Referring to Fig. 1 If we consider that in the start up sequence of a tokamak, initially the plasma edge is warm it will be at the equilibrium point temperature T = T 3 . If the edge is then cooled (due to the injection of gas or impurities) there will be a point when a stable Marfe-like solution with T(L) < T 3 will be produced and edge temperature fluctuations can cause the edge to "jump" into the Marfe equilibrium. Sufficient cooling can eliminate the pseudopotential maxima at T = T3 and leave only the radiation collapse solution, T = T which would be manifested as a detached plasma.
III.C. Two Layer Model
To consider the interaction between the flux layer near the x-point and the adjoining scrape-off layer we consider two coupled equations for T 1 and T2 which model these two respective flux layers: 
In the x-point layer (Eq. 14a) C takes account of the relatively long field line length in the vicinity of the x-point (which effectively reduces parallel thermal conduction). The scrape off layer model equation (14b) contains a term for recombination and a flow term.
These equations can be easily solved.
From the single layer problem discussed above we can assume that in each layer individually a radiation collapse is facilitated by a high impurity content, low temperature and low xI. In the layer containing the x-point it is also facilitated by a reduced thermal conductivity along-the-field-line. The two layers interact and a thermal collapse in one layer will reduce the cross field heat flow into the second layer. Thus the thermal collapse will tend to spread toward the edge. If the outer layers do not contain much pressure the observed radiation (which is proportional to p 2 ) will appear to decrease in the low pressure layer. A typical solution is shown in Fig. 3 .
Recombination of the hydrogenic species becomes important when the temperature falls below 1 eV. It can be included as an additional term in the radiation function.
Stability of 2-Dimensional Equilibria
We can rewrite Eq. (la) as 
As is well known [20] [21] The more stable nature of 2-dimensional equilibria indicates that an unstable 1-dimensional equilibrium may be stabilized when it is radially coupled to other more stable regions.
IV. Conclusions
By differencing the cross field conduction term we have reduced the thermal conductivity equation to one dimension (along-the-field-line) in a manner that still contains information about cross field transport. We observe that a stable Marfe-like equilibrium can form when the edge is cooled or when the edge impurity content increases sufficiently
. An increase in X will inhibit Marfe formation. Although both the constant tempera- The approach taken in this study illustrates the qualitative features of edge/scrape-off layer phenomena. More detailed calculations can be obtained from two dimensional codes [22] [23] [24] . We observe that because multiple solutions exist simulation codes can miss the correct solution. Additionally although time dependent codes can follow the evolution of unstable to stable equilibria they cannot predict jumps between neighboring stable solutions.
Although in principle Marfes would be avoided in sufficiently pure hydrogenic plasmas only small fractions of low Z impurities are required for their formation. It therefore appears unlikely that a strong cooling of the plasma edge (i.e. to form a radiative divertor)
can occur without the formation of a Marfe. In principle a tokamak reactor could take advantage of this tendency by using an x-point Marfe to radiate a significant fraction of the power leaving the plasma. In a double null (symmetric up/down) divertor it may be possible to create two Marfes (above and below the plasma) which would increase the power radiated and distribute it more evenly on the reactor first wall. 
